In children, acute global brain injury from traumatic brain injury (TBI) and nontraumatic coma has a substantial cost to the child, the family, and the society. There have historically been relatively few studies looking at long-term cognition and behavioural outcomes.
INTRODUCTION
In children, acute global brain injury from traumatic brain injury (TBI)
&&
] and nontraumatic coma including cardiac arrest, either in hospital or out of hospital (OOH), shock, infection (meningitis, encephalitis, and malaria), autoimmune disorders, and other miscellaneous causes [2] has a substantial cost to the child and the family, as well as carrying a major economic burden for society as a whole. Until recently, there have been relatively few studies looking at long-term outcome in terms of cognition and behaviour, but in the last few years, data on intelligence quotient (IQ), processing speed, attention, and other aspects of executive function, language, and memory have emerged.
TRAUMATIC BRAIN INJURY

Intelligence and overall cognitive function
As assessed by the Glasgow coma score (GCS) on admission, injury may be mild (GCS [13] [14] [15] , moderate (GCS 9-12), or severe (GCS [3] [4] [5] [6] [7] [8] [3,4 && ] and may occur at any age from a variety of forces, including road traffic accidents (as a passenger or the occupant of a vehicle), falls, and inflicted injury, including shaking. Prognosis is particularly poor for the latter group (Fig. 1A) [5] . There is some evidence that younger children sustaining TBI (i.e., 0-5 years) have more long-term cognitive and academic difficulties than those sustaining injury aged more than 6 years [3] , probably because of the effect on the development of emerging skills in addition to the consequence of brain injury (the 'double hazard') [6] . Most studies have included all severities and all causes, but may have excluded children with known preexisting disorders. The more recent literature, including data from large meta-analyses and population-based studies, has allowed some insight into the relative importance of the severity of the injury. A recent population-based study from Sweden with a median follow-up period of 8-26 years looked at the effects of TBI in youth (age at first injury 0-4, 5-9, 6-10, 15-19, and 20-24 years) in relation to injury severity and recurrence [1 && ]. TBI exposure increased risk for psychiatric disorders and low educational attainment as well as disability and premature mortality, even adjusting for outcomes in siblings not exposed to TBI, implying TBI in causation. A dose-response relationship was observed with injury severity, and recurrence was also associated with higher risks.
In one meta-analysis in children [3] for mild TBI, few impairments were noted postacutely, and little, if any, recovery was observed in longitudinal studies (over 2 years follow-up), except for problem solving, performance IQ (PIQ), and processing speed. For moderate TBI at long-term follow-up, there were also significant impairments in executive skills, including processing speed, attention, fluency, inhibition, and problem solving, but working memory, memory, and visual perceptual skills were similar to that of controls [3] . After a severe TBI, there were impairments in all of the neurocognitive domains in the chronic phase, with large to very large effects for general intellectual functioning [verbal IQ (VIQ) and PIQ], executive functions (processing speed, attention, fluency, and problem solving), and verbal delayed memory [3] . The emerging pattern of recovery suggested that any impairment observed in the mild TBI group resolves over time so that this group ultimately resembles the controls. In contrast, there are notable deficits in the moderate group, and although this group shows recovery relative to their acute functioning, they do not catch up to the control group. The severe TBI group, however, despite some improvements relative to functioning in the acute stage, shows a slower rate of development so that the gap between the severe and control groups expands over time [3] . Although few longitudinal studies were available for review, substantial improvement in intellectual functioning (specifically PIQ) and processing speed was apparent, with no changes in VIQ, attention, working memory, problem solving, or visual perception. For moderate-to-severe TBI, there is little evidence of improvement beyond the first few months, suggesting that assessment at around 6-12 months should take place to enable appropriate education [7] . A more recent meta-analysis suggests that children appear to recover better from mild TBI but worse from severe TBI than adults [4 && ]. For recovery of executive function in children, the relationship between age at injury and outcome is not linear, with best outcomes seen in those injured at age 10-12 years [8] .
In the paediatric meta-analysis, predictors of outcome included severity from the GCS on admission, age at insult, and premorbid factors including family functioning, parental socio-economic and educational status, and the child's premorbid cognitive and behavioural profile [3] . Although the duration of posttraumatic amnesia is a predictor of long-term participation [9] , in the recent metaanalysis including adults and children, GCS, duration of loss of consciousness, and posttraumatic amnesia duration all moderately to strongly predicted full-scale IQ (FSIQ), PIQ, and VIQ impairments, but with no differences [4 && ].
Processing speed
Processing speed, typically measured as Coding on the Wechsler scales, is affected more than other domains in all severities of TBI, particularly in the early stages. As well as accounting for some of the reduction in PIQ, there appears to be an effect on working memory [10] and adaptive functioning [11] , specifically with respect to social participation [12] .
Attention
The available evidence suggests that some children experience specific reductions in attention after
KEY POINTS
Population-based studies and meta-analyses suggest that there is a 'dose-dependent' effect of severity of traumatic brain injury, typically assessed from the Glasgow coma score on admission, on IQ.
Symptoms after concussion and mild TBI may be associated with MRI abnormalities but are also related to premorbid personality traits, specifically anxiety and somatization.
In paediatric TBI, IQ changes relatively little over time, suggesting that early assessment is reasonable so that rehabilitation and education may be planned.
Survivors of cardiac arrest in childhood typically have a reduction in cognitive and adaptive function, whereas the majority of patients treated for meningitis have IQ within the normal range, although outcome may be worse if there are seizures in all nontraumatic coma causes.
Early computer-based cognitive and behavioural rehabilitation may be beneficial.
head injury, alongside involvement of other executive functions including working memory domains [13] that may not recover over the longer term [8] . This syndrome can be distinguished by the cognitive profile from the well recognized association with a preexisting diagnosis of attention deficit and hyperactivity disorder (ADHD) [14] [15] [16] .
Memory
Many children experience specific difficulties with working memory after TBI, with little or no recovery at 24 months [8] . Prospective memory, especially for low motivation tasks, is also compromised in the long term after severe TBI [17] .
Other executive functions
In examining executive functions in children post-TBI, it is important to use a comprehensive battery or to focus on the tests most likely to show potentially modifiable impairments. In one study of 65 children with TBI, there was significant impairment in inhibition and global executive function, with little or no recovery at 24 months, but no impairment in planning [8] . For flexibility and performance-based executive functions score, impairment at 3 months had recovered to normal by 12 months [8] .
Social functioning
There is increasing evidence that children who have suffered a TBI, even if it is mild, particularly at a very young age, may have difficulties with interactions involving 'Theory of mind' [18] . This may impact on social interaction at school, but relatively few children with mild-to-moderate TBI actually have a diagnosis within the autistic spectrum. The main problem for children with TBI is reduction in social participation [19] .
Fatigue
Fatigue is a very common complaint in children recovering from TBI, particularly in older children and those in a single-parent household [20] . Sleep patterns may be disrupted [21] , particularly if the child has to spend a prolonged period in hospital, in which noise may be an issue. However, there is anatomical evidence for a specific problem [22] .
CONCUSSION AND MILD TRAUMATIC BRAIN INJURY
There is an emerging, but controversial, literature on the effect of concussion on neurocognitive function, of particular relevance to children who are sufficiently good at sport to enjoy additional participation, for example, in after-school or weekend clubs where the standard, and therefore the risks, may be higher and recurrent TBI, albeit relatively mild, may occur; whether or not multiple mild head injuries cause cumulative cognitive difficulties is controversial [23, 24] . Preexisting ADHD is common [15] , and children with concussion and high scores on scales of anxiety and somatization are at risk of persistence of posttraumatic symptoms ]. It is possible to undertake a brief cognitive battery (15 min is preferred to 30 min by families) between triage and physician assessment in the emergency department [28, 29] . This may allow early web-based intervention [30] but long-term followup will be required to ensure that somatization is not reinforced.
CARDIAC ARREST
In a follow-up study of 47/107 (44%) cardiac arrest survivors (24 in hospital; 23 OOH), FSIQ, VIQ, PIQ, verbal comprehension index, perceptual organization index, and processing speed index were lower than the norm (Table 1) . Adjusted for IQ, significantly worse scores were found on visual memory, significantly better on verbal memory (recognition), and comparable outcomes on visual-motor integration, attention, other measures of verbal memory, and executive functioning. On questionnaires, parents reported better executive functioning than the norm, but teachers reported more problems in planning/organizing skills [32 & ]. In the OOH Therapeutic Hypothermia after Pediatric Cardiac Arrest trial, at 12-month follow-up in 85/87 surviving children who had baseline Vineland Adaptive Behavior Scales-Second Edition (VABS-II) consistent with normal functioning (VABS-II 70), VABS-II composite, domain, and subdomain scores declined significantly between baseline and 12-month followup [46] . Older age at cardiac arrest and higher baseline VABS-II scores were predictive of greater decline in neurobehavioral function [46] .
MENINGITIS AND MENINGOCOCCAL SHOCK
Since the introduction of effective vaccines, Haemophilus influenzae meningitis is now very rare and the incidence of both pneumococcal and meningococcal meningitis has also fallen, although cases are still seen. There are important differences in the pathophysiology of meningitis, which impact on outcome [35 & ], for example, in meningococcal disease, there may be severe septicaemia without meningitis, which may cause severe systemic shock, with hypotension leading to limb involvement, but not necessarily to brain damage because of the preferential supply of blood to the brain over the other organs. When these children do have poor outcome cognitively, this may be in the executive domain in relation to hypotension and reduced cerebral blood flow in the borderzone regions. Children followed up for severe meningococcal disease had lower IQ compared with controls (Table 1) and also difficulties with executive function and memory but not with attention [38] . On the other hand, meningococcal and pneumococcal meningitis may involve the blood vessels, both arterial and venous, with high prevalences of infarction (Fig. 1B) [47,48 & ,49] . In one follow-up study of pneumococcal meningitis, mean IQ was within the normal range in the majority, but was significantly lower than that of matched controls (Table 1) [36] .
ENCEPHALITIS (INFECTIOUS, POSTINFECTIOUS, AUTOIMMUNE, AND DEMYELINATING)
This term unfortunately covers a very wide variety of diagnoses [39] [40] [41] [42] [43] [44] [45] . Herpes simplex encephalitis involves viral invasion of the brain, typically in the temporal lobes, but often over a wider area (Fig. 1C) . The prognosis is improved considerably since early management with Acyclovir [nonproprietory or Zovirax (GSK)] was introduced in the 1970s, but there are few studies of cognitive outcome. Evidence has recently emerged for an autoimmune mechanism, with associated anti-Nmethyl-D-aspartate receptor (NMDA) antibodies [50, 51] , and a case can be made for steroid treatment, with better cognitive outcomes in a small series [40] . Most other viral-associated encephalitis does not necessarily involve viral invasion, and the pathophysiology is poorly understood, but may include exposure of underlying metabolic disease, as well as autoimmune disorders (e.g., limbic encephalitis associated with anti-voltage-gated potassium channel antibodies [52 & ] as well as anti-NMDA antibodies [52 & ]), demyelination [acute disseminated encephalomyelitis (ADEM)] (Fig. 1D) [43] , or secondary ischaemia from hypotension or venous thrombosis; these may also be in the differential diagnosis as an infectious cause may only be found in around half [39] .
Over the last 10 years, there has been an increasing awareness of autoimmune encephalitis, often in response to an infection such as Mycoplasma. Recognition of anti-MDNA encephalitis [44, 45] and early treatment with steroids, immunoglobulin, and plasma exchange means that many of these children have apparently done well, but recent data suggest that there may be a cognitive cost in terms of executive functioning, fine motor dexterity, language, and memory [44, 45, 53] , even when there are no imaging abnormalities. Although it is an uncommon cause of anti-NMDA encephalitis in children, those with an ovarian teratoma do better than those with a postinfectious cause.
For this group of patients with 'encephalitis', cognitive outcome is very variable and difficult to predict (Table 1) [39] . MRI may assist with diagnosis (see below), and perhaps with prognosis [39, 52 & ], although this is controversial [54] and there may be good recovery even if there is widespread demyelination in ADEM [43] 
MRI AND OUTCOME
Trauma
Recent studies involving MRI have demonstrated the anatomical basis for some of the cognitive deficits after trauma [57] . In one study of mild TBI, during the semiacute injury stage and at 4-month postinjury, children exhibited decreased scores in the domains of attention and processing speed relative to controls, partially normalizing at 4 months, in conjunction with increased anisotropic diffusion in the left superior temporal gyrus and right thalamus, whereas bilateral frontal and left hemisphere cortical atrophy emerged at 4-month postinjury when recovery was occurring [58] . However, in other series including children with more severe TBI, the site and degree of brain atrophy appear to be associated with cognitive outcome, for example, reduced processing speed [57, 59] . MRI, event-related potential, and interhemispheric transfer time studies suggest that damage to the corpus callosum is associated with cognitive and behavioural difficulties [57, 60, 61 && ]. Subcortical lesions are also associated with poor outcome [62] , particularly in younger children [59] and if there are multiple haemorrhagic lesions demonstrated on susceptibility weighted imaging ( Figure 1A ) [63] . Recent data suggest that white matter disorder, for example, in the ventral striatum, persists for at least 10 years after the injury in association with executive function difficulties [64] . The anatomical correlates of other acquired disabilities are emerging -for example, reading fluency appears to be associated with the integrity of the cingulum bundle [65] . In an one MRI study, right frontal pole cortical thickness significantly predicted social processing problems [66] , while in another, the areas of the brain that comprise the 'social brain network' and its putative hub regions were atrophied in children with TBI in association with difficulties with tasks involving 'Theory of mind' [67 & ]. Susceptibility weighted imaging abnormality, consistent with microhaemorrhages and diffuse axonal injury (Fig. 1A) , also appears to be associated with problems with 'Theory of mind' [68] .
Infection-related encephalopathies
Abnormal MRI findings are more common than abnormal computed tomography findings in paediatric encephalitis but patterns are not associated with identifiable pathogens (Fig. 1C-F) [69] , clinical and laboratory findings, or outcome [70] .
In tick-borne encephalitis there is a wide range of abnormality, and outcome is often poor [41] . In Echovirus 71-associated encephalopathy, there is increased T2 signal intensity in the posterior region of the pons, bilateral cerebellar dentate nuclei, and spinal cord, [71, 72] in association with pulmonary oedema [72] . MRI in respiratory syncitial virus may show rhombenmesencephalitis, encephalitis with ADEM, and limbic encephalitis [73] . In anti-VGKA encephalitis, there may be amygdala enlargement in the acute stage [74] . Dengue encephalopathy is usually secondary to multisystem derangement such as shock, hepatitis, coagulopathy, and concurrent bacterial infection but direct neuronal invasion is rare and nonspecific changes are seen on MRI.
Even if not pathogen-related, some MRI abnormalities may be useful prognostically. Mild encephalitis/encephalopathy with a reversible splenial lesion (Fig. 1E) [75] has been associated with influenza, rotavirus, cytomegalovirus, influenza B, adenovirus, mumps vaccine, Salmonella, Mycoplasma pneumoniae, and Kawasaki disease, and hyponatraemia and a good outcome is characteristic [75] [76] [77] [78] However, the prognosis for acute necrotizing encephalomyelitis (Fig. 1F) , which may also be triggered by a wide range of infections, is poor [42] .
REHABILITATION
As most centres see only a few patients a year and there is a wide range of premorbid ability, injury severity and other key factors predictive of outcome including parental education level [7] and family functioning [79] , it has proved difficult to show definite effects from the relatively expensive intensive inpatient or outpatient rehabilitation programmes available [80] . However, data are beginning to emerge that suggest improvement in functional outcome overall and in specific cognitive domains, including executive function, during rehabilitation [81, 82] , although whether this is sustained over the longer term is more controversial. Rehabilitation efforts should start as soon as possible and requires intensive reinforcement, both as an inpatient in the subacute phase and in the longer term [80] .
There is considerable interest in computer packages that may enable cognitive rehabilitation in the community or even at home. For example, adaptive training using Cogmed resulted in significantly greater gains in reading comprehension and accuracy but not mathematics in one study [83 & ]. Social behaviour and participation are also important, particularly in adolescence, and it is of interest that a group randomized to problem solving and communication Counselor-Assisted Problem Solving (CAPS) with online counselling improved more on the Home and Community Social Behavior Scales and Behavioural and Emotional Rating Scale than those randomized to an Internet resources comparison group [84 && ].
CONCLUSION
Long-term follow-up studies, population-based studies, and meta-analyses are now available and suggest that there is a significant cognitive cost to acute global acquired brain injury. MRI assists with diagnosis, and there is some evidence that it may be useful for prognosis, particularly in TBI. It may be possible to conduct randomized control trials of acute treatment and rehabilitation using a cognitive or an MRI endpoint [85] as otherwise the time frame is very long in terms of attaining follow-up.
